formamide. Based on the stability in the presence of these reagents, the protein-DNA complex is regarded as covalently bonded. We also report that a single nick occurs in the circular DNA, but on either of the two complementary strands. The position of the nick in one strand is staggered with respect to the position in the other strand. The above conclusion is based on the appearance in the electron microscope of the DNA forms after self-annealing and partial denaturation of the self-annealed molecules.
guanidine'hydrochloride, 3 .86 M hydroxylamine (pH 4 .23), and in 98% formamide. Most of the molecules in the nicked circular DNA fraction contained one nick. The nick occurs on either of the two complementary strands; the specific nick sites on the two strands are staggered, but lie within a few hundred nucleotides of each other. We have reported previously (1) that a protein-DNA complex is found in the nicked circular DNA fraction when DNA is isolated from purified simian virus 40 (SV40) in the presence of sodium dodecyl sulfate (NaDodSO4) and dithiothreitol. (Nicked DNA is double-stranded DNA that contains at least one single-strand scission.) The protein in the complex remains associated with the DNA at high concentrations of salt and NaDodSO4. It was visualized by electron microscopy (EM) on circular molecules and on molecules cleaved by restriction endonucleases. The protein occurs at 0.67 map unit on the SV40 DNA molecule. In this paper we report that the protein-DNA complex is also stable in the presence of alkali, 4 M guanidine-HGI, 3 .86 M hydroxylamine (pH 4.23), and in 98% formamide. Based on the stability in the presence of these reagents, the protein-DNA complex is regarded as covalently bonded. We also report that a single nick occurs in the circular DNA, but on either of the two complementary strands. The position of the nick in one strand is staggered with respect to the position in the other strand. The above conclusion is based on the appearance in the electron microscope of the DNA forms after self-annealing and partial denaturation of the self-annealed molecules.
MATERIALS AND METHODS SV40 was purified from infected TC-7 cells as described (1), except for the use of a CsCl step gradient purification before the final banding of virus. Band velocity sedimentation was performed by layering the sample, after 2-fold dilution by TD buffer (0.14 M NaCl-5 mM KCI-0.7 mM Na2HPO4-2.5 mM Tris.HCI, pH 7.5) of virus in CsCl (p = 1.35 g/cm3), onto a 4-ml step gradient of CsCl (1.0 ml each of CsCl 1.25 g/cm3, 1.34 Abbreviations: SV40, simian virus 40; EM, electron microscopy; ss-DNA, single-stranded DNA; ds-DNA, double-stranded DNA; nicked DNA, ds-DNA that contains at least one single-strand scission; TD buffer, 0.14 M NaCI-5 mM KCI-O.7 mM Na2HPO4-25 mM Tris-HCI, pH 7.5; NaDodSO4, sodium dodecyl sulfate; BAC, benzyldimethylalkylammonium chloride. g/cm3, 1.4 125I-Labeled DNA-protein complex, prepared as described in Materials and Methods, was sedimented through an alkaline sucrose gradient (Fig. la) . Thirty-five percent of the 125I radioactivity cosedimented with unit-length linear ss-DNA. SV40 [14C]DNA, nicked by x-irradiation, resolved into two peaks corresponding to circular (18 S) and linear (16 S) ss-DNAs under this condition (Fig. lb) . The DNAs in the pooled fractions ( Tris-HCl, pH 7.5-50 mM NaCl-8 mM MgCl2-0.5 mM EDTA. All samples were treated in 0.25 M NaOH at room temperature for 10 min, then sedimented in 5-20% alkaline sucrose gradients containing 0.9 M NaCl-0.1 M NaOH-0.001 M EDTA-0.015% Sarkosyl at 20°for 6 hr at 36,000 rpm in an SW50.1 rotor. Fractions were collected from the bottom of the tubes. The triangles at the top of (a) and (c) indicate the fractions taken for EM analyses ( In order to remove tightly associated adventitious proteins from the complex, we banded a portion of the 125I-labeled complex in a gradient containing 4 M guanidine-HCl and 3 M CsCl. Forty to 46% of total 125I radioactivity banded as one peak in the middle of the gradient; the rest of the radioactivity was at the top. On rebanding in guanidine-HOl-CsCl, all of the 125I radioactivity remained associated with the DNA (Fig. 2) (Fig. 4b) 
Specificity of the nicks
We previously showed that the protein is attached at 0.67 map unit on SV40 DNA (1) . We have now shown that it is frequently attached at one end of the linear ss-DNA resulting from dissociation of the nicked circles. We now wish to study the strand specificity of the nick and its relative position on the two strands. Representative fractions from an alkaline sucrose gradient containing mostly circular ss-DNA (71%, fraction 15, Fig. 1 and Table 1 ) were self-annealed and examined by EM in formamide-cytochrome c spreads. Examples of the molecules seen are shown in Fig. 5 , and their frequency before and after annealing is listed in Table 1 .
Several types of duplex DNAs were observed in the selfannealed fractions. After annealing, the predominantly single-stranded circular fraction 15 contained circular doublestranded DNA (ds-DNA) (39%), oligomeric ds-DNA (2%), partially renatured circular duplex DNA (38%) (Fig. 5b) , and circular ss-DNA (20%). We attribute the formation of doublestranded circles mainly to reassociation of a circular single strand with a contaminating linear single strand. The partially renatured circles result from the reassociation of intact singlestranded circles. Because of the topological constraint, such circles cannot pair extensively. The average amount of apparent duplex was 490 & 150 base pairs (Fig. 5 legend) . The selfannealed linear fraction 20 contained circular ds-DNA (75%) (Fig. Sd) , unit-length linear ds-DNA (8%) (Fig. 5d) , oligomeric ds-DNA (13%) (Fig. 5e-h) , and highly complexed ds-DNA (4%).
The extensive duplex formation in the two samples indicates that each fraction contains both strands. Therefore, the nick can occur on either strand of the DNA. (The highly complexed Samples were prepared for EM as described with 50% or 80% formamide isodenaturing spreading conditions (14, 15) ds-DNA is probably derived from multinucleation of linear and circular ss-DNAs.)
The high frequency of double-stranded forms in the annealed linear fraction did not change significantly when separated linear ss-DNA from a Pronase-treated sample (Fig. ic,  fraction 26 ) was self-annealed (Table 1) . Therefore, the proteins attached to the end of ss-DNAs are not responsible for circularization and for oligomer formation. Several lines of evidence support the view that the nicks in the two strands are slightly staggered with respect to each other.
Occurrence of unit-length linear ds-DNA was noted in self-* p1,.1,_ ,, -. annealed fraction 20 (8%, Table 1 ). In some of the observed unit-length linear ds-DNAs (Fig. 5d) , the two ends were located close to each other, suggesting that these DNA molecules were circular in solution, but that they contain cohesive ends that were dissociated by the spreading forces during mounting for EM.
Examples of oligomers from the annealed single-stranded linear fraction are shown in Fig. 5e -h. Most of these molecules appear to be entirely duplex with a length that is a multiple of the unit length. Of 122 oligomers traced and measured, there are 86 dimers, 24 trimers, 6 tetramers, 4 pentamers, and 2 hexamers. These molecules had very few observable singlestrand branches. In a population of reassociated randomly nicked molecules, one would expect to see frequent singlestrand branches. If there were any single-strand tails at the ends of the linear duplexes, they were too short to be reliably recognized and measured. This argues that the specific nicks in the two different strands must be staggered (in order to produce oligomers) but close to each other. Obviously, the staggered ends must be long enough so that the resulting duplexes are stable under the spreading conditions (50% formamide).
The high frequency of double-stranded circles in annealed fractions 20 and 26 also supports the staggered nick interpretation. Additional evidence in support of the specificity and staggered relation of the nicks comes from studies of the structure observed under more denaturing conditions (higher formamide spreads). Self-annealed fraction 20 was denatured in 80% formamide (80 mM Tris-HCl, pH 8.4-8 mM EDTA) at room temperature for 10 min and prepared for EM. Under this stronger denaturation condition, a decrease in appearance of circular ds-DNA (from 75% to 19%) was observed with simultaneous increase in appearance of unit-length linear ds-DNA (from 8% to 29%) and appearance of partially denatured forms (Fig. 5i, j, and k) . Seventy-six percent of the observed molecules were monomeric duplex DNA or partially denatured DNAs (Table 1) , and 24% of the molecules were partially denatured complex DNAs. Of monomeric DNAs, the frequency of circular ds-DNA, unit-length linear ds-DNA, partially denatured linear DNA, and partially denatured circular DNA was 0.25, 0.38, 0.27, and 0.1, respectively. Among the partially denatured linear DNA molecules composed of two unit-length complementary strands, 70% had two single-strand tails of approxi-mately equal length attached to duplex segment (Fig. 5j) and 30% had single strands of unequal length at the two forks (Fig.  5k) . The latter we attribute to reassociation with a randomly nicked strand. Among 36 molecules interpreted as resulting from reassociation of specifically nicked strands (Fig. 5j) , the average length difference of the two single-strand tails is 109 i 83 nucleotides. The relative frequency of molecules of the types shown in Fig. 5j and k indicates that the fraction of specifically nicked linear strands is between 70 and 85%. Molecules of the type shown in Fig. 5i (6) .
The SV40 protein-DNA complex is found in the population of nicked circular DNA when viruses (in TD buffer) are treated with NaDodSO4 and dithiothreitol. The presence of dithiothreitol is essential for both the introduction of nicks on the DNA and for the formation of the protein-DNA complex. Omission of dithiothreitol from our deproteinization procedure leads to a DNA population substantially devoid of nicks (unpublished data). Not all of the nicked DNA contains a protein, as indicated by the frequency of observation of a protein dot at the end of ss-DNA by the BAC method and in the experiment in which the displacement of the absorbance profile relative to the 125I radioactivity profile in the guanidine.HCI-CsCI gradient was observed. However, most of the introduced nicks are specific. There are several possible explanations for the heterogeneity of protein content. (i) All nicked molecules contain proteins, but they are heterogeneous in molecular weight. Protein of low molecular weight could have escaped detection on DNA by the BAC method. (ii) A protein is attached to all DNAs when a nick is introduced and some of the proteins are removed. (iii) The nick is introduced by a site specific endonuclease. Another protein is then sometimes, but not always, covalently attached to the DNA.
The most frequent kind of full-length single-stranded linear molecule with attached dot(s) (presumably protein) seen by EM has a dot at one end only. A few molecules were seen with dots at both ends, although one was always larger than the other. We do not know at present whether attachment at two ends is due to some nonspecific interaction or is significant for the specific interactions.
We do not know the biological significance of the protein other than that the protein and nicks are located near (9) and from adenovirus (10) (11) (12) . In the Col El protein-DNA complex, the protein is attached to the 5' terminus of the DNA (13) . The SV40 protein-DNA complex is in some ways similar to that of relaxation complexes of bacterial plasmids. Nicks are introduced in closed circular DNA at a specific site, and protein-denaturing agents are required to form the complex. However, the nick is strand specific for plasmids (8, 9) but not for SV40.
